The phoD gene encoding the membrane-bound alkaline phosphatase (ALPI) from Zymomonas mobilis CP4 was cloned and sequenced. Both the translated sequence and the properties of the recombinant enzyme were unusual. Z. mobilis ALP1 was monomeric (M, 62926) and hydrolysed nucleotides more effectively than sugar phosphates. The translated sequence contained a single hydrophobic segment near the N-terminus which may serve as a membrane-anchor in Z. mobilis, although the recombinant enzyme was recovered in the cytoplasmic fraction of Escherichia coli. The predicted amino acid sequence for ALP1 did not align well with other ALPS or other known genes. However, some similarity to E. coli ALP was noted in the metal-binding and phosphate-binding regions. Two other regions were identified with similarity to the active sites of pyruvate kinase and mammalian S-nucleotide phosphodiesterase (also membrane-bound), respectively. It is likely that Z. mobilis phoD represents a new class of alkaline phosphatase genes which has not been described previously.
Introduction
There is considerable interest in the physiology and metabolism of Zymomonas mobilis due to its potential for commercial ethanol production [ 1, 2] . This bacterium converts glucose to ethanol and carbon dioxide at a rate 3-4 times faster than the yeasts currently used by industry and thus may offer an advantage. The rapid fermentation in Z. mobilis is due in part to an uncoupling of glycolysis from growth [3] which leads to the production of excess ATP [2, 4, 5] . ATP turnover has been shown to limit glycolytic flux in disrupted cell preparations of Z.
mobilis [4] and may also limit the rate of ethanol production in vivo [5] . A similar uncoupled fermentation has been observed in Streptococcus bouis in which FoFl ATPase serves as the primary reaction which dissipates excess ATP [6, 7] . In Saccharomyces cerevisiae, 35% of the control of glycolytic flux has been attributed to combined ATP-hydrolysing activities [8] .
The major ATP-hydrolysing enzymes in Z. mobilk have been purified and characterized. These include an F,F, ATPase [9] , two membrane-bound acid phosphatases [lo] , and a membrane-bound alkaline phosphatase (ALP) [lo-121 . Z. mobilis has been reported to contain a periplasmic S-nucleotidase which represented a minor phosphatase activity [lo] .
The principal Z. mobilis ALP is unusual. In contrast to the phosphate repressible, dimeric, periplas-mic E. coli ALP was used as the host in this study. It was grown aerobically at 37°C in either high phosphate Luria broth (KH,PO,, 3 g 1-l) to suppress native phosphatases or in the low phosphate media described by Michel et al. [12] . Ampicillin (50 mg l-' ) and tetracycline (10 mg 1-l) were included as needed for selection. Z. mobilis CP4 was grown in complex medium containing 10% glucose as previously described [ 171.
Cloning of the phoD gene
XLl-Blue was transformed with a previously constructed genomic library of Z. mobilis CP4 DNA (Sau3AI partial digestion in pBluescriptI1 KS+) [181.
Ampicillin-resistant recombinants were screened by developing nitrocellulose colony lifts in 100 mM Tris . HCl (pH 9.5) containing 115 mM 5-bromo-4-chloro-3-indolylphosphate (BCIP), 60 mM nitro blue tetrazolium (NBT), 100 mM NaCl, and 5 mM MgCl,. Colony lifts were used to allow screening at high pH. 
Protein extracts
Cell-free extracts were prepared from stationaryphase cells of Z. mobilis and recombinant E. coli. E. coli were grown in phosphate-supplemented Luria broth to prevent synthesis of native ALP. Cell pellets were washed twice in 10 mM Tris * HCl (pH 7.4) and disrupted by two passages through a French pressure cell at 20000 lb in-*. Membranes were removed by centrifugation at 100000 X g for 1 h at 4°C. Protein concentration was determined using the Biorad dye-binding reagent (Richmond, CA).
Alkaline phosphatase enzyme activity and localization of recombinant ALPZ
ALP activity was assayed at 37°C in 100 mM Tris . HCl (pH 9.5) by measuring the hydrolysis of 10 mM p-nitrophenyl phosphate (pNPP) spectrophotometrically at 410 nm. Other substrates were also tested at a final concentration of 10 mM. Orthophosphate was determined by the method of Saheki et al. [20] . Specific activity is expressed as pmol min-' (mg protein)-'.
Periplasmic fractions were prepared by the osmotic shock procedure described by Willis et al. [21] .
Polyacrylamide gel electrophoresis

Non-denaturing
Laemmli gels (8% acrylamide) were run at 4°C and developed in 100 mM Tris . HCI (pH 9.5 or pH 7.0) containing 115 mM BCIP and 60 mM NBT to detect ALP activity [17] .
Fast protein liquid chromatography
Protein extracts were fractionated on a Pharmacia Superose 12 gel filtration column (Pharmacia LKB Biotechnology Inc., Piskataway, NJ). Molecular mass was estimated by comparison with standards 04, 12000 to 200000) obtained from the Sigma Chemical Company.
Results and discussion
Cloning of the gene encoding ALPI (phoD)
Of 16000 colonies screened, 58 were intensely blue indicating the presence of ALP activity. Based on restriction analyses, these fell into two overlapping groups. One of the smaller clones, pLOI1100, was selected for further study and contained a 7.4-kb insert. The phoD gene was localized to a 4-kb EcoRV-PstI fragment. This fragment was subcloned into the corresponding sites of pBluescript II KS+ and pBluescript II SK+ to produce pLOIllO1 and pLO11136, respectively (Fig. 1) . Colony lifts of both orientations were equally active indicating the presence of a region with promoter activity. Processive deletions with exonuclease III allowed further localization of phoD to a 2.4-kb region (pLOI1110).
The origin of the cloned gene was confirmed by Southern hybridization. Under stringent conditions, a probe made from the internal PuuII fragment hybridized to single bands of Z. mobilis genomic DNA digested with EcoRI, Hind111 or NruI but failed to hybridize to digests of E. coli DNA (data not shown).
The phoD sequence
The full 2460-bp DNA insert in pLOI1110 was sequenced in both directions (Fig. 2) . The phoD coding region consisted of a 1728-bp ORF encoding 576 amino acids with a predicted M, of 62,926. This value is in good agreement with our estimates for the recombinant enzyme (M, 66000) using gel exclusion chromatography and with previous estimates for the native enzyme (M, 54000-60000) from Z. mo- Arrows indicate the direction of transcription. A possible terminator (t) is also marked. Relative ALP1 activity is shown on the right and ranged from dark blue (+ + + , highest activity) to white ( -, no activity). bilis [11, 12] . The ATG start codon was preceded by may be responsible for membrane attachment in 2. a poorly conserved Shine-Dalgarno region. Two mobilis [ 10,111. This hydrophobic region is predicted short, overlapping, palindromic sequences followed to form an a-helix. In this respect, ALP1 is quite by a T-rich region and TCTG are located downsimilar to the Z. mobilis acid phosphatase (phoC) stream from the TAG stop codon and may serve as a [17] which is also membrane-bound. Like ALPI, the rho-independent terminator. A hydrophobic protein phoC product contained a very hydrophobic Nsegment containing 19 amino acids (from Val 13 to terminus while the remaining portion of the molecule Ile 31) was identified near the N-terminus which was hydrophilic.
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Sequence analysis
An initial database search with the BLAST program failed to reveal significant homology between the translated phoD coding region and other phosphatases, although two regions were found with homology to different enzymes (Fig. 2). Fig. 3A shows the 48 amino acid region (Gly 417 to Arg 464) which exhibits 35% identity to E. coli pyruvate kinase type II with lower scores for E. coli type I and homologues from other organisms. In most cases, bases that are identical between ALPI and E. coli type II pyruvate kinase are highly conserved among pyruvate kinases from other organisms. Based on the crystal structure for the cat muscle pyruvate kinase [22] , one of these regions lies within the active site A. (a6-helix of domain A) and is involved in the binding of phosphoenol pyruvate, a substrate of recombinant 2. mobilis ALP1 (Table 1) . to each other (73% identity), with lesser homology to the enteric bacteria (53-59% identity). Three regions are highly conserved among these five phosphatases, two of which are also present in the S. cerevisiae phosphatase. Although Z. mobilis ALP1 ( phoD) was not aligned well by computer (38-44% identity overall), four broad regions with some homology to E. coli alkaline phosphatase were identified by inspection. These regions are involved in catalysis in E. coli [24] . Fig. 4 compares the sequences of six small segments to divalent metal-binding (A, C, D, E and F) and phosphate-binding sites (B, C) in E. coli ALP [24] (Fig. 4) . Many amino acid residues which directly participate in binding (double overline) appear to be conserved. However, Ser 102, which forms a covalent intermediate in E. coli ALP, is replaced by His in Z. mobilis. Based on our comparisons, Z. mobilis ALP1 appears more similar to B. subtilis ALP111 than to ALPS from Gram-negative bacteria or eukaryotic microorganisms.
Expression of Z. mobilis phoD in E. coli
When grown in phosphate-supplemented Luria broth, the specific activity of Z. mobilis ALP1 in XLl-Blue(pLOI1101) (1.1 IU (mg protein)-') was lOO-fold higher (0.01 IU (mg protein))') than XLlBlue containing the unmodified vector using pnitrophenyl phosphate (pNPP) as the substrate (Table   1 ). Although 2. mobilis ALP1 and acid phosphatase are membrane-bound in Z. mobilis [lO,ll] , the recombinant phoD [16] and phoC products were found [24] . Numbers refer to amino acid residues in 2. mobilis ALPI. Residues directly involved in binding are marked by a double overline. Asterisks indicate identity between the 2. mobilis ALPI and one or more ALPS from other organisms. GenBank accession numbers are included in the legend for Fig. 3C . primarily in the cytoplasmic fraction of E. coli. These two organisms have many differences in lipid composition which may affect membrane insertion. 2. mobilis phosphatases may be weakly membranebound in E. coli but easily stripped in buffer during cell disruption. Buffer-washed membranes contained 7% of ALPI activity and less than 10% was recovered in the periplasmic fraction.
Native E. coli ALP was examined in XLlBlueCpBluescript KS+) grown in low phosphate media (0.2 IU (mg protein)-') as a control. Over 90% of this enzyme was recovered in the periplasmic fraction.
Recombinant ALPI was compared to native Z. mobilis ALPS using non-denaturing gel electrophoresis (Fig. 5) . Zymograms developed at pH 9.5 revealed the presence of one major ALP in Z. mobilis and a second more anodally migrating minor activity (ALPII). The recombinant phoD product, ALPI, migrated at the same rate as the principal ALP activity in Z. mobilis. Native E. coli ALP was clearly resolved and migrated at a rate intermediate between those of the native Z. mobilis activities.
As previously reported for the native Z. mobilis enzyme [lO,ll] , our recombinant ALP1 was more active with pNPP and nucleotides as substrates than with sugar phosphates or glycolytic intermediates (Table 1) . Negligible hydrolysis of bis-pNPP was observed indicating a lack of phosphodiesterase activity.
Relationship among reported pho genes from Z. mobilis
The cloned phoD gene from CP4 encodes the dominant alkaline phosphatase activity in Z. mobilis. It appears to be the equivalent of the phoA gene previously cloned from strain ZMl by Baoudene-Assali et al. [ll] . Restriction maps were similar though not identical. Both recombinant products were expressed in the E. coli cytoplasm and were not repressed by phosphate. The other Z. mobilis phoA gene cloned from strain ZMl by Karunakaran and Gunasekaran [14, 15] appears unrelated based on a comparison of restriction maps and properties of the recombinant product. Considering the high degree of similarity among Z. mobilis strains, it is likely that the phoA gene previously described by Karunakaran and Gunasekaran [14, 15] encodes a distinctly different phosphatase activity such as a periplasmic Snucleotidase [9, 10] . The phoC gene [17] is unrelated in protein or nucleotide sequence and encodes the dominant acid phosphatase activity in Z. mobilis.
Z. mobilis phoD, an unusual gene
The Z. mobilisphoD gene described in this study appears to represent a new family of phosphatases. Although this enzyme aligned poorly with other genes in the current data base, two regions were found which appear to share homology with pyruvate kinase and 5'-nucleotide phosphodiesterase, respectively. These two regions of homology may form part of the active site in Z. mobilis ALPI.
The physiological and biochemical properties of the phoD product also differ from those of other sequenced phosphatase genes. The lack of repression by phosphate in Z. mobilis [ll] and the substrate preference of Z. mobilis ALP1 [lO, l l] are more consistent with a physiological role in nucleotide turnover during primary metabolism than the classical scavenging function typified by E. coli ALP [ 131.
